The elevated exposure of children to hormonally active dietary phytoestrogens has led to the need for rapid, sensitive, and precise assays for phytoestrogen metabolites in physiological matrices. Here we report the development of a high -performance liquid chromatography ( HPLC ) MS / MS method for the quantitative detection of seven phytoestrogens in human serum and urine. The method uses enzymatic deconjugation of the phytoestrogen metabolites followed by solid phase extraction ( SPE ) and reverse -phase HPLC. The phytoestrogens are detected using a Sciex API III heated nebulizer atmospheric pressure chemical ionization ( HN -APCI ) interface coupled with tandem mass spectrometry. This method allows the detection of the primary dietary phytoestrogens ( isoflavones and lignans ) in human serum and urine with limits of detection ( LODs ) in the low parts per billion range. The combination of tandem mass spectrometry and chromatographic separation of the analytes helps ensure the selectivity of the method. Stable isotope -labeled internal standards for all seven analytes improve the precision of the assay, resulting in interday CV values of < 10% for most compounds studied. The accuracy and precision of the method were monitored over time using quality control ( QC ) samples containing known amounts of phytoestrogens. The majority of phytoestrogens in human sera and urine are present as their glucuronide and sulfate conjugates. Therefore, the thoroughness of deconjugation for each sample was monitored by the addition of a conjugated internal standard and subsequent detection of deconjugated compound. This method proves to be efficacious for measuring baseline urinary phytoestrogen levels in the American population and should prove useful for assessing the modulatory effects of dietary phytoestrogens on endocrine disrupter action in children.
Introduction
Current interest has focused on the potential of phytoestrogens to reduce the risk of a number of important chronic diseases. Epidemiological studies indicate that diets rich in phytoestrogens reduce the risk of different hormonedependent cancers, heart disease, and osteoporosis. Asian populations have lower rates of many hormonal cancers ( e.g. breast and prostate cancer) and this reduced risk has been attributed to a high dietary intake of phytoestrogens ( Adlercreutz et al., 1991 ( Adlercreutz et al., , 1997 . The primary dietary phytoestrogens (lignans and isoflavones) are hormonally active, with both weakly estrogenic and anti -estrogenic activities being described ( Adlercreutz et al., 1993a; Mousavi and Adlercreutz, 1993; Cassidy et al., 1994; Makela et al., 1995 ) . Lignans and isoflavones also have anti -viral ( MacRae et al., 1989 ) , anti -carcinogenic (Hirano et al., 1990 ) , anti -oxidant (Jha et al., 1985) , anti -mutagenic (Hartman and Shankel, 1990 ) , and anti -inflammatory (Wu et al., 1992 ) properties, among others (Knight and Eden, 1996 ) . Additionally, exposure to large quantities of dietary phytoestrogens may mitigate the potential effects of xenoestrogens on children and adults.
Although studies on the benefit of phytoestrogens are very promising, the consumption of large amounts of these hormonally active compounds might have an adverse health effect, especially with development and fertility (Barrett, 1996 ) . Elevated phytoestrogen exposure is associated with reproductive and developmental problems in several animal species ( Bennets et al., 1946; Leopold et al., 1976; Setchell et al., 1987; Medlock et al., 1995 ) . Women consuming 45 mg of isoflavones daily are shown to experience delays in their estrous cycle (Cassidy et al., 1994 ) . Daily exposure of infants to isoflavones in soy infant formulas is 6 ± 11 times higher (on a bodyweight basis ) than the dose needed to affect the estrous cycle in adults (Setchell et al., 1998 ) .
The potential of these compounds to impact human health has led to the need for rapid, sensitive, and precise assays for phytoestrogen metabolites in physiological matrices. Many laboratories use high -performance liquid chromatography (HPLC ) coupled with UV detection (Franke and Custer, 1994; Obermeyer et al., 1995 ) due to its low cost; however, these methods are lacking in selectivity and sensitivity, and are typically inadequate for measuring baseline levels of some phytoestrogens in individuals consuming a typical Western diet. A novel approach using HPLC with coulometric array detection (Gamache and Acworth, 1998 ) shows promise for increased selectivity and sensitivity, but depends greatly on the redox potential, resulting in reduced selectivity and sensitivity for some analytes in complex matrices such as serum. The application of capillary electrophoresis tandem mass spectrometry to the detection of phytoestrogens shows promise of improved sensitivity and selectivity; however, this method is currently limited by the requirement for precise and accurate manipulation of submicroliter volumes (Shihabi et al., 1994; Aramendia et al., 1995 ) . The preferred technique for selective and sensitive quantitative analysis of phytoestrogens in biological matrices is GC /MS ( Joannou et al., 1995; Messina et al., 1997 ) . However, this method requires time -consuming cleanup, hydrolysis, and derivatization steps. HPLC -MS does not require derivatization, and therefore results in much higher sample throughput. Here we present an HPLC -MS/ MS method for the determination of the primary dietary phytoestrogens: genistein, daidzein, equol, O -desmethylangolensin (O -DMA), matairesinol, enterolactone, enterodiol, and coumestrol (see Figure 1 ). This method builds on a previously published technique and results in improved selectivity, sensitivity, and precision for the detection of phytoestrogens in human urine and serum.
Materials and methods

Instrumentation
Analyses were conducted with a PE Sciex API III triple quadrupole mass spectrometer (Perkin -Elmer Sciex Instruments ) with heated nebulizer atmospheric pressure chemical ionization ( HN -APCI ) interface installed. The mass spectrometer was interfaced to a Keystone Prism column ( 3.0 mm i.d., 50 mm length, 5 m particle size ) and guard column. A Hewlett -Packard model 1090 liquid chromatograph delivered gradient solvent flow and precise sample injection from an autosampler. The entire system from sample injection to data acquisition was computercontrolled with standard Sciex software. 
Standard Solutions
Standard stock solutions were prepared by dissolving solid standards (3.0 ±5.0 mg ) in DMSO ( 0.2 ml ) followed by the addition of ethanol ( 96%, to 25 ml ). Working standard solutions containing all analytes were prepared by serial dilutions in ethanol from stock solutions to final concentrations that covered the linear range of the assay (spanning three orders of magnitude for most analytes ). Deuterated internal standards were prepared in a similar manner and aliquots of both were stored at À 708C prior to use. The deconjugation internal standards (4 -methylumbelliferone glucuronide and 4-methylumbelliferone sulfate, 120 ng each ) were prepared and diluted in 96% ethanol.
Quality control ( QC ) specimens were prepared by spiking matrix ( human urine or fetal bovine serum ) with phytoestrogen standards to reach measurable levels found in human samples. Two sets of QC samples were prepared Ð one at a low level ( approximately 10 times the limit of detection, LOD ) and one at a high level (mimics highest levels found in people ) . QC samples were stored as aliquots at À 708C until use.
Sample Preparation
The sample (2.00 ml urine or 1.00 ml serum ) was spiked with the deuterated internal standard mix and deconjugation internal standard (4 -methylumbelliferone glucuronide and sulfate ). Additionally, hexestrol (100 ng) , the internal standard for coumestrol, was spiked into urine samples. Serum was diluted and buffered by the addition of ammonium acetate (1 ml of 250 mM, pH 5) . Conjugated analytes were hydrolyzed by the addition of freshly dissolved -glucuronidase /sulfatase (1 mg / sample, in 500 l of 1 M ammonium acetate pH 5 ). Following the addition of all internal standards and enzyme, the samples were gently mixed and incubated overnight at 378C.
Extraction of Phytoestrogens from Human Urine
After sample preparation and incubation, urine samples were mixed with methanol (300 l) and the samples added to a preconditioned C18 SPE column (Varian, 500 mg, 3 ml, 120 m pore size ). Potential interferences were removed by addition of wash solution [3 ml, 0.1% acetic acid in water:methanol ( 9:1 ) ] . Subsequent elution of the phytoestrogens with methanol ( 2 ml ) resulted in nearly quantitative recoveries of analytes. The eluate was dried in a speed vac at 508C, resuspended in injection solvent ( 100 l of 70% ammonium acetate 10 mM, 15% acetonitrile, 15% methanol ). The resuspension solvent also contained 4 -nitrophenol (200 ng) as a mass spectrometer external standard. Following resuspension, the samples were analyzed by HPLC -MS /MS within 48 h.
Extraction of Phytoestrogens from Human Serum
After overnight glucuronidase enzyme treatment, serum samples were added to a preconditioned Oasis cartridge (60 mg HLB, 3 ml, Waters Scientific, Beverly, MA ) . Once the analytes were adsorbed to the matrix, the cartridge was washed with ammonium hydroxide ( 0.1% ) in 10% methanol to remove potential interferences. Subsequent elution of the phytoestrogens with methanol ( 2 ml ) resulted in nearly quantitative recoveries of analytes. The eluate was dried using a TurboVap Evaporator (Zymark ) at 558C under a dry nitrogen stream and resuspended with injection solvent ( 100 l of 70% ammonium acetate 10 mM, 15% acetonitrile, 15% methanol ) . The resuspension solvent also contained 4 -nitrophenol ( 200 ng ) as a mass spectrometer external standard. Following resuspension, the samples were analyzed by HPLC -MS /MS within 48 h.
Chromatographic Conditions
The HPLC analyses were carried out on a Prism reversephase column ( 3.0 mm i.d., 50 mm length, 5 m particle size ) and guard column ( Keystone Scientific, Bellefonte, PA ). The sample injection volume was 25 l. A binary, linear gradient with a constant flow of 0.8 ml / min was used to achieve separation of most of the analytes. The gradient proceeded from initial conditions ( 6.5 mM ammonium acetate, 18% acetonitrile, 18% methanol ) to final conditions (0.5 mM ammonium acetate, 47.5% acetonitrile, 47.5% methanol) in 7 min. The flow was returned to original conditions and the column allowed to equilibrate for 2.5 min before subsequent injection. The total run time for each sample was 9.5 min.
Mass Spectrometry
Mass spectrometric detection was carried out by negative ion APCI with corona discharge ionization using the Sciex API III heated nebulizer interface. The temperature of the nebulizer probe was maintained at 5008C. Daughter ions were formed by collision-induced dissociation with argon as the collision gas at a nominal thickness of 375 molecules / cm 2 . Daughter ion mass spectra were consistent with published mass spectral fragmentation patterns (Aramendia et al., 1994 ) . For example, the isoflavones produced characteristic losses of m / z 29 (COH ) and m / z 28 (CO ) and produced phenolic anion fragments (m / z 91 ) as well as retro Diels ± Alder fragments ( m /z 135 ). Table 1 summarizes the characteristic parent /daughter ion combinations used for measurement of each analyte and internal standard. These ions were selected to maximize the specificity, sensitivity, and linear range of the assay. A second, less abundant ion was selected for each analyte for confirmation purposes. This ion was also used for quantification of analytes that exceeded the linear range for the first ion.
Calibration Curves and Quantification
Calibration curves were prepared daily from fresh aliquots of nine standards spiked with internal standards. These standard mixtures were injected twice (before and after analysis of the unknowns) to insure that the calibration curve was accurate for all unknowns analyzed on any given day. Analyte and internal standard peak areas were integrated and the ratio of analyte to internal standard plotted against known analyte concentration. These plots were weighted so that each point in the curve contributed equally to a best -fit line. The resulting slope and y -intercept values for each analyte were used to interpolate analyte values in unknown specimens. Analytes below the lowest standard were reported as non -detects. A second calibration curve, based on the less abundant confirmatory ion, was used for samples that were offscale for the primary, first ion calibration curve. Samples exceeding the highest standard for the second calibration curve were diluted and reanalyzed in the linear range of the assay.
Results
Analytical Scheme
The method presented here for analysis of serum and urinary phytoestrogens is shown graphically in Figure 2 . Because many of the analytes are excreted as glucuronides or sulfates, and accurate quantification assumes complete hydrolysis of conjugates, the deconjugation process is monitored by addition of conjugated internal standards as previously described . Given the complex nature of serum and urine, we opted for multiple layers of selectivity in the method. Many potential interferences were removed by the solid phase extraction ( SPE ) step. Additional specificity resulted from significant chromatographic separation of the analytes without unduly extending the analysis time for each sample. Most importantly, the use of tandem mass spectrometry ensured the specificity of the data.
Calibration
Calibration curves were prepared daily from the ion ratios produced by freshly analyzed standards. A representative set of daily calibration curves is summarized in Table 2 . Correlation coefficients less than 0.95 did not occur; typically, the correlation coefficient values were > 0.99. The use of a secondary calibration curve, based on a less abundant daughter ion, extended the upper end of the linear range of the assay to the levels shown in Table 2 . The use of two calibration curves allowed for an extended linear range necessary to accommodate the large variations in analyte levels from one sample to the next.
Matrix Effect on Calibration Curve
Calibration curves of pure standard were used to quantify unknown amounts of phytoestrogens in serum and urine. However, variable and unknown factors in the urine caused signal enhancement or suppression from one urine specimen to the next. The use of stable isotope-labeled internal standards adjusts for these variations; to confirm that this was the case, we performed a matrix spike experiment. We analyzed standards with or without being spiked into blank matrix ( fetal bovine serum or human urine ) . The resulting calibration curves for each analyte ( matrix ) were then compared. For all of the analytes, the calibration curve slopes were not significantly altered by the presence of matrix. The only change observed in the calibration curves was an upward shift in the yintercept of the matrix spiked calibration curve corresponding to the level of analyte in the matrix itself. This experiment established that any matrix effect on the absolute analyte response is corrected by a proportional increase in the internal standard response and thus permitted the use of daily calibration curves based on pure standard for the determination of phytoestrogens in urine and serum.
Deconjugation Optimization
Accurate quantification of the levels of a phytoestrogen assumes complete hydrolysis of its conjugated forms. Therefore, the deconjugation process was optimized to identify the shortest time period required for enzymemediated deconjugation. Insufficient incubation times would result in incomplete hydrolysis of conjugated phytoestrogens and the subsequent data being erroneously low. Alternatively, incubation of the samples at 378C for too long may result in artifactual change in analyte levels (e.g. oxidation ). Therefore, a time course experiment was conducted with triplicate serum samples containing conjugated phytoestrogens ( results in urine were similar; data not shown) . Figure 3 illustrates the time -dependant release of daidzein from its conjugated forms (glucuronide and sulfate ); the other analytes present in this sample show a similar deconjugation rate. This experiment revealed that incubation of a sample with -glucuronidase /sulfatase for 8 Figure 2 . Analytical scheme for the analysis of phytoestrogens in human serum and urine. h resulted in quantitative deconjugation. Overnight deconjugation (12 ±16 h ) ensured completion of hydrolysis and was found not to induce artifactual changes to the analyte levels.
SPE SPE was utilized to clean up and concentrate the samples. Phytoestrogen levels can vary broadly among individuals, with urinary levels of some isoflavones varying by as much as four orders of magnitude. Therefore, steps were taken to minimize the potential for analyte carryover. The most likely source of carryover was at the SPE vacuum manifold; by using disposable SPE cartridges and manifold interface lines, carryover was minimized. Initial buffer and wash conditions were optimized to prevent more polar compounds from saturating the sorbent bed and causing analyte breakthrough. A wash solution containing 10% methanol accomplished this goal. Additionally, the pH of the wash solution for serum was elevated to allow for removal of more polar alcohols and carboxylic acids. This SPE protocol removed many potential interferences without compromising recovery of analytes, as shown in Table 3 . The high -pH 10% methanol wash removed much of the potential interferences from the Oasis SPE cartridge, resulting in improved serum cleanup relative to the C18 cartridges.
Recovery
Aliquots of phytoestrogen-free fetal bovine serum were spiked with varying concentrations of phytoestrogen standards and extracted using Oasis SPE cartridges. Internal standard was added after the extraction, and the resulting ion ratios compared with unextracted, spiked standards. As shown in Table 3 , the recovery of the analytes of interest is nearly quantitative. As expected, recoveries are typically better at higher analyte concentrations. Urinary recovery rates were calculated based on 100 ng of each standard spiked into phytoestrogen -free synthetic urine. These samples were subsequently extracted using Varian C18 SPE cartridges spiked with internal standard, and the ion ratios compared with unextracted, spiked standards. Perhaps due to the aqueous nature of urine, recoveries from that matrix were slightly better than from serum (Table 3 ) .
LODs
The LODs were defined for each analyte by repetitive analysis of low level standards for the calculation of the standard deviation at zero concentration ( S 0 ) . The formal LOD was then defined as 3S 0 (Taylor, 1987 ) . The functional LOD was equal to the formal LOD unless the lowest point in the calibration curve was higher, then the functional LOD was defined as the lowest standard concentration used in the calibration curve. Table 4 summarizes the LOD determined for each analyte in urine and serum. LODs in the low parts per billion range were obtained for most analytes. Daidzein and equol had higher LODs due to significant amounts of native signal in the internal standard. Reduction of this isotopic contamination would significantly improve the LOD for these analytes.
Typical Chromatogram
A representative multiple reaction monitoring chromatogram for a serum sample is shown in Figure 4 . For simplicity's sake, a single MRM chromatogram for each analyte is displayed. The selectivity of the method is demonstrated by the presence of only the analyte peak in each single MRM chromatogram, despite being extracted from complex physiological matrices. The chromatograms in Figure 4 result from analysis of a QC serum sample spiked with low levels of each analyte. Mass spectral selectivity is important; full scan data revealed several large, early eluting peaks of unknown composition in the extracted urine and serum samples. However, these potential interferences were chromatographically resolved from most analytes and mass -resolved from the others.
Robustness
The initial tandem mass spectrometric detection method involved the use of different time scanning periods for the determination of the analytes. These short retention time windows allowed the mass spectrometer to focus on just the compounds that were eluting at the time, resulting in enhanced detection limits. However, this approach had a deleterious effect on robustness; a slight shift in retention times could lead to a peak partially eluting outside the window where its ions were monitored. This resulted in inaccurate and imprecise integration of the peak areas corresponding to the analyte and its internal standard. Although maintaining the pH of the mobile phase at 6.5 0.3 helped to reduce peak retention time drift, the overall robustness of the method was improved by setting the mass spectrometer to scan for all of the analytes and internal standards throughout the analysis.
Assay Precision
Two different QC pools of serum were used to ensure appropriate intraday and interday precision and accuracy. The low serum pool contained 4 ±25 ppb ( QC Low ) of the seven analytes, while the high serum pool contained 80± 600 ppb ( QC High ). Aliquots of each of these pools were thawed and processed alongside unknowns over a 3-month period. The interday precision values for each analyte over this time period are shown in Table 5 . Note that the coefficient of variation ( CV ) for all analytes found in serum at high levels was less than 7.5%. At lower concentrations, the CV values increase for most analytes, with only equol and genistein exceeding 10%. Similar results are shown for the urinary assay, with the exception of three analytes with`o ffscale'' values. Improvements in the sensitivity of the assay after the QC High pool was formulated resulted in daidzein, O -DMA, and enterolactone being offscale. 
Accuracy
The accuracy of the method was evaluated by analyzing blank matrix (fetal bovine serum ) spiked with known amounts of standards. These spiked samples were analyzed as unknowns, and the actual levels compared with the expected levels. As indicated for enterodiol in Table 6 , the calculated values agreed well with the expected values. As expected, the accuracy of the method increases with increasing analyte levels. Note that even at very low sample levels, the accuracy is acceptable ( 1.3 0.2 ppb ). Additionally, the accuracy of the method on any given day was assessed by analysis of QC samples and subsequent comparison with previously characterized values.
Stability
To facilitate enzymatic deconjugation of the analytes, samples were incubated at 378C overnight. The stability of the analytes in this situation is important for accurate quantification. Incubation of urine or serum samples for 24 h at 378C did not significantly alter phytoestrogen levels. The repeated analysis of QC sample over a 3-month time period indicated that the analytes were stable in both serum and urine when stored at À 708C.
Application
The phytoestrogen methods were applied to the analysis of 208 human serum and 199 urine samples from NHANES III. These samples were collected from 1991 to 1994 and stored at À 208C since collection. Samples were randomly selected and analyzed as described above. The serum method was able to quantify levels of enterolactone, daidzein, and O -DMA in >75% of the samples. Greater than 50% of the serum samples had detectable levels of genistein and enterodiol. The serum method was not adequately sensitive to detect baseline levels of matairesinol and equol; the majority of these analytes were nondetects. Although phytoestrogens have been described as highly stable (Franke et al., 1998 ) , the long -term storage stability ( years ) has not been addressed and the possibility of degradation or loss of analytes during storage could not be discounted. However, the substantial number of serum samples containing non -detectable levels of equol and matairesinol was consistent with the levels of lignans and isoflavonoids found in published studies (Adlercreutz et al., 1993b,c; Coward et al., 1996; Setchell et al., 1997; Barnes et al., 1998; Franke et al., 1998 ) . The minor discrepancies between our NHANES III data and published levels may be due to differences in the dietary habits and metabolism of distinct subpopulations. Urinary phytoestrogen levels are much higher than serum levels. Therefore, the urinary method resulted in very few nondetectable specimens. In summary, both the serum and urinary methods are useful in measuring normal baseline phytoestrogen levels, with the exception of serum equol and matairesinol.
Discussion
We are particularly interested in the exposure of children to hormonal modifiers in the environment, including phytoestrogens. Significant exposure to any``endocrine -disrupting'' compound may result in permanent alteration of an individual's hormonal milieu. Proper hormone signaling is especially important during development; in utero exposure to xenoestrogens, such as diethylstilbestrol, has been associated with permanent, adverse health effects in humans. Normal development requires specific amounts of hormones at specific times. Either temporal or quantitative alterations of fetal hormonal signaling may lead to problems with behavior, immune function, neurological development, or gender development. There is particular interest in the exposure of infants to phytoestrogens. Soy -based infant formulas result in bodyweight -adjusted doses of daidzein and genistein that are three to five times the amount that will effect a woman's menstrual cycle ( Barrett, 1996 ) . Circulating concentrations of isoflavones in infants fed soy -based formula were 13,000 ±22,000 times higher than plasma estradiol concentration in early life, and may be sufficient to exert biological effects . By comparison, the levels of phytoestrogens in infants fed cow's milk or breastmilk (from a woman consuming a typical Western diet ) are negligible. These large phytoestrogen exposures may be beneficial ( Lamartiniere et al., 1998 ) , but more research on exposure in children is needed. Specifically, our future research interest focuses on the ability of dietary phytoestrogens to mitigate the effects of environmental estrogen exposure in children.
Here we present a fast, easy, reliable, reproducible, and sensitive method to quantitate the most common phytoestrogens in human urine and serum. We have proven these methods to be suitable for the analysis of baseline levels of phytoestrogens in the general population. Application of n = 6 for all except where noted ( a n = 4 ) .
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these methods will help to elucidate the potential health impact of phytoestrogen exposure in children.
